Abstract
Introduction
Neurofibromatosis type 1 (NF1) is a rare hereditary tumor predisposition syndrome caused by a germline mutation in the NF1 tumor suppressor gene [1] . Individuals with NF1 may develop a variety of benign and malignant tumors, the most frequent being peripheral nerve sheath tumors (PNSTs) [2] . PNSTs are neoplasms arising from Schwann cells [3] . So called plexiform neurofibromas may undergo transformation into malignant peripheral nerve sheath tumors (MPNSTs) [4] . Patients with NF1 have a lifetime risk of up to 10% for developing MPNSTs [5, 6] . Prognosis is usually poor in these rapidly metastasizing neoplasms, underlining the need for early detection of malignant transformation and identification of risk factors.
F-18-fluorodeoxyglucose (F-18-FDG) positron emission tomography/computed tomography (PET/CT) has become an established and well studied imaging method for the detection of MPNSTs in individuals with NF1 by measuring consumption of radioactively labelled glucose [7] [8] [9] [10] [11] [12] . It provides unique insights into the biology of nerve sheath tumors. MPNSTs are highly aggressive neoplasms with marked metabolic activity [9] [10] [11] . However, benign plexiform neurofibromas may also exhibit increased metabolic activity in a substantial number of NF1 individuals [7, 8] . Not all patients with plexiform neurofibromas will demonstrate metabolically active tumors, and the number (and therefore the volume) of tumors with F-18-FDG uptake differs considerably from case to case [8] .
Recently, newer F-18-FDG PET/CT-based volumetric parameters such as metabolic tumor volume (MTV) and total lesion glycolysis (TLG) have gained increasing interest in a variety of cancers [12] [13] [14] [15] [16] [17] [18] .
The internal tumor burden in individuals with NF1 has been studied using T2-weighted whole-body MRI segmentation techniques [19, 20] . High internal tumor load on MRI has been found to be associated with a higher risk of developing MPNSTs in previous studies [21] , but not with genetic alterations or serum markers [1, 22] . It is an inherent limitation of MRI that it cannot discriminate between tumors which are metabolically active and those who are not [10] . Compared to MRI, PET has the advantage of precise quantitation of tumor metabolic activity in terms of standardized uptake values (SUVs) which can easily be used as cut-off values for differentiating between malignant and benign lesions, e.g. a cut-off > 3.5 usually suggests malignancy [8] . Another advantage of PET/CT over MRI is that an unremarkable investigation excludes malignant change in neurofibromas with a negative predictive value of 100% [8] . There are no parameters on MRI to reliably exclude malignant change [10] . In addition, PET/CT provides a highly sensitive whole-body staging, especially for patients with typical osseous and pulmonary metastases. Differentiation of metastases from benign neurofibromas is challenging if not impossible on MRI. Concerning whole-body imaging, assessment of not just the mere anatomical tumor load but of the metabolically active portion of tumors may provide more useful information concerning NF1 biology, the risk of malignancy or correlation with serum markers.
Therefore, the aim of this study was to determine the metabolically active whole-body tumor burden on F-18-FDG PET/CT in individuals with NF1 using a three-dimensional (3D) segmentation and computerized volumetry technique, and to compare PET WB-MTV, WB-TLG and other imaging-based parameters between patients with benign and malignant PNSTs.
Patients and Methods

Patients
The study group consisted of 36 age-and sex-matched patients (20 men; 16 women; age, 36.6 ± 12.3 years; range 16.5 to 68.7 years) with NF1 and benign (n = 18) or malignant (n = 18) The study protocol has been approved by the local Clinical Institutional Review Board (Ethic committee of the medical chamber of Hamburg) and complied with the Declaration of Helsinki. All subjects had given written informed consent for the retrospective evaluation of their data. For minors / children we obtained written informed consent from their legal guardians.
PET/CT Acquisition and Image Reconstruction
F-18-FDG PET/CT images were obtained using a Gemini GXL10 scanner (Philips Medical Systems, Best, The Netherlands). Patients fasted for at least 6 h before injection of 350 MBq of F-18-FDG. During the uptake period of about 60 min, patients received oral contrast (20 ml Gastrolux CT 1 in 1 l water; Sanochemia Diagnostics, Neuss, Germany). Imaging started with a low-dose CT of the whole body (120 kV, 80 mA, transaxial FOV 600 mm, no gap, collimation 10 x 1.5 mm, pitch 1.1, rotation time 0.5 s, slice thickness 5 mm, matrix 512 x 512). Then, a total-body emission scan was performed in the caudocranial direction with 90 s per bed position at head and thorax, and 60 s at the legs. Transversal PET slices were reconstructed into a 144 x 144 matrix using the iterative 3DLOR reconstruction algorithm of the system software with standard parameter settings. Spatial resolution in the reconstructed PET images was about 8 mm full-width-at-half-maximum. Transaxial, sagittal, and coronal images and fused images were displayed for review.
Image Analysis
Image analyses were undertaken on a workstation with a research software package (InterView™ FUSION; Mediso Medical Imaging Systems Ltd., Budapest, Hungary). PET image analysis. PET images were visually evaluated for the presence of focal radiotracer uptake above background corresponding to space-occupying lesions on CT images. We herein define all lesions with increased glucose metabolism and therefore significant F-18-FDG uptake (SUV max 2.0) as metabolically active, i.e. PET positive (PET+). The number of PET + PNSTs was recorded. Then, automated segmentation of metabolically active tumors in PET + patients was performed using a stopping rule of 2.0, 2.5 and 3.5 [24] . These established cutoff values were chosen to assess likely malignant lesions (SUV max 3.5), additional equivocal lesions requiring follow-up (SUV max 2.5) [7, 8, 10] , and finally all metabolically active lesions (SUV max 2.0). The voxels of normal organs such as heart, liver, kidneys, ureters, and bladder, as well as false-positive lesions such as inflammatory lesions were manually excluded. Semiquantitative analysis was performed by obtaining the mean and maximum standardized uptake values (SUV mean , SUV max ) of each lesion. The standardized uptake value (SUV) was calculated using the following formula: tissue concentration (MBq/g)/injected dose (MBq)/body weight (g). The metabolic tumor volume (MTV) of each lesion was measured and added to the wholebody MTV (WB-MTV). The total lesion glycolysis (TLG) was calculated as (MTV) × (mean SUV) [14] . Whole-body total lesion glycolysis (WB-TLG) was calculated by summing up the individual TLG of each lesion.
CT image analysis. The largest diameter of each lesion was determined on the corresponding coregistered PET/CT images.
Reference standard and histopathological evaluation
All patients with PNSTs with increased tracer uptake underwent histopathological evaluation [25] and/or clinical and radiological follow-up > 12 months.
Statistical analysis
Continuous variables are expressed as mean ± SD. Categoric variables are presented with absolute and relative frequencies. Analyses were performed both on a per-lesion and a per-patient basis. MTV, TLG and a set of other imaging-derived parameters (maximum SUV mean , maximum SUV max , maximum diameter) were recorded for all benign and malignant lesions, and compared. WB-MTV, WB-TLG and other imaging-derived parameters were also compared between patient groups with benign and malignant PNSTs. For between-group comparisons of continuous data, P values were calculated from Mann-Whitney U rank sum tests. Receiver operating characteristic (ROC) analysis was performed to define the optimum cut-off value for SUV max , MTV and TLG. Statistical significance was established for P values of less than 0.05. Statistical analysis was performed using GraphPad Prism 5.0 1 for Windows (GraphPad Software In., La Jolla, Calif, USA).
Results
Evaluation of F-18-FDG PET/CT scans was feasible in all patients. The MPNST group consisted of 18 patients (10 men, 8 women; mean age, 35.8 ± 12.9 years; range, 17.1-68.7 years). The control group matched for gender and age consisted of 18 patients (10 men, 8 women; mean age, 37.4 ± 12.1 years; range, 16.5-63.2 years). 19 MPNSTs were confirmed by histopathological evaluation in 18 patients. 14 other tumors were found to be benign by histology. All other PET+ lesions were classified as benign after a mean follow-up of 54 ± 23 months (range, 13-98).
Lesion-based analysis
An example of a volumetric analysis in a NF 1 patient with PNSTs is shown in Fig 1. 74 metabolically active lesions were found in 34 (94.4%) patients at a SUV max threshold of 2.0, and therefore considered as PET+. The mean SUV max of PET+ lesions was 5.8 ± 3.5 (range, 2.2-16). The average SUV mean of these lesions was 3.1 ± 1.0 (range, 1.7-6.7). The mean size of PET + tumors was 62.1 ± 49.2 mm (range, 11-292 mm).
Detailed data on metabolic tumor volume and total lesion glycolysis at different SUV max thresholds are shown in Table 1 Detailed data (per-lesion analysis) on imaging-derived parameters of malignant and benign PNSTs are shown in Table 2 .
Neither MTV nor TLG were significantly correlated with gender or age at all investigated SUV max thresholds on a per-lesion basis (p > 0.05 in all cases). ). Patients with MPNSTs had a significantly higher WB-TLG at all SUV max thresholds (p < 0.001). Neither WB-MTV nor WB-TLG were significantly correlated with gender or age at all investigated SUV max thresholds on a per-patient basis (p > 0.05 in all cases).
Patient-based analysis
Detailed data (per-patient analysis) on WB-MTV and WB-TLG at different SUV max thresholds are shown in Table 3 . Data (per-patient analysis) on other imaging-derived parameters comparing the patient group with only BPNSTs and the patient group diagnosed with malignant and benign PNSTs are shown in Table 4 . 
ROC analysis of MTV and TLG for identification of malignancy
Per-patient basis. Both a WB-MTV cut-off value and a WB-TLG cut-off value could differentiate between patients with MPNSTs and those with only BNSTs at all SUV max thresholds (p < 0.001 in all cases). Per-lesion basis. Both a MTV cut-off value and a TLG cut-off value could differentiate between patients with MPNSTs and those with only BNSTs at all SUV max thresholds (p < 0.0001 in all cases). The optimum cut-off-value for SUV max was > 5.5 (AUC 0.96, p < 0.0001), yielding a sensitivity of 95% and a specificity of 85% for differentiation of malignant and benign lesions. The optimum cut-off-value for the TTL ratio was > 2.6 (AUC 0.98, p < 0.0001), resulting in a sensitivity of 100% and a specificity of 87%.
Results of the ROC analysis are summarized in Table 5 .
Discussion
In this study, we assessed the metabolically active whole-body tumor burden in NF1 patients using F-18-FDG PET/CT. In a cohort matched for sex and age, we could introduce WB-MTV and WB-TLG as novel parameters for biological characterization of NF1 patients. Most importantly, we could demonstrate that these parameters are significantly different between malignant and benign lesions (p < 0.0001), and that MPNST patients have significantly different whole-body MTV and TLG compared to patients with only benign tumors (p < 0.001). F-18-FDG PET/CT has become an established and powerful tool for detection of malignant peripheral nerve sheath tumors in patients with NF1 [7, 8, 11] . In the past, various F-18-FDG PET/CT imaging parameters have been explored in order to further characterize PNSTs and to facilitate sensitive detection of MPNSTs. Among all PET derived parameters, SUV max represents the most commonly used parameter for detecting MPNSTs [26] . Recommended cut-off values range from 3.5 to 6.1 [26, 27] , but a SUV max of 3.5 is the most widely used cut-off value [7, 8, 26] . In this study, the optimum SUV max cut-off value would have been 4.5, yielding F-18-FDG PET/CT in NF1 maximum sensitivity and a specificity of 71%. However, SUV max only represents the highest metabolic activity of a pixel within the tumor, not taking into account other biological parameters such as the tumor volume. MPNSTs often arise from so called plexiform neurofibromas which are often very large and -due to necrosis and fibrotic scar tissue-markedly heterogeneous tumor manifestations with highly variable shapes [4, 26, 28] . Therefore, one-dimensional assessments such as SUV max do not necessarily represent the real tumor burden or tumor biology. To identify malignant change, active tumor volume is more relevant to increase specificity and reduce false positive diagnoses than a single pixel with high metabolic activity. Indeed, MTV and TLG incorporate both metabolic activity and three-dimensional tumor volume. In the present study, both MTV and TLG were significantly different between benign and malignant PNSTs at all SUV max thresholds (p < 0.001). ROC analyses revealed that both parameters could be used to identify malignant change with similar sensitivity and specificity like the established SUV max cut-off. However, specificity was not fully satisfying for all assessed parameters (MTV, TLG, SUV max ), which is a known challenge in MPNST imaging. With improving image analysis tools and three-dimensional display techniques, volume based parameters of F-18-FDG PET may be evaluated rapidly and consistently [29] [30] [31] [32] [33] . However, there is currently no standard methodology for assessment of volumetric PET parameters. Previous studies assessing MTV and TLG in a variety of tumors used different methods to define a threshold for SUVs to delineate the metabolic tumor volume. Some studies also used an isocontour threshold method based on F-18-FDG uptake segmented above a threshold of 2.5 or 3.0 [30, 31] . Others assessed MTV using different methods like setting a margin threshold of 50% of SUV max of that lesion [32] . In the present study we used three different fixed SUV max isocontour thresholds of 2.0, 2.5 and 3.5. The rationale for that approach was that a threshold of 3.5 represents the most commonly used cut-off value for differentiation between MPNSTs and PNSTs [26] . Indeed, all MPNSTs in this study demonstrated a SUV max of at least 4.6. A SUV max threshold of 2.5 is usually used to define the need for follow-up of PNSTs to rule out malignant transformation in the future [10, 26] . The lowest threshold of 2.0 was chosen to evaluate the volume of all PNSTs with relevant metabolic activity, and was therefore used to define PET+ tumors in this study. A threshold of 3.5 should be regarded as most important and should remain the basis for future studies, for it can identify malignant tumor tissue with high reliability. Whole-body MRI is widely used in NF1 to define a subpopulation with internal tumor burden, to further characterize PNSTs and to provide a means for follow-up examinations to identify growing lesions [19] [20] [21] [22] . Assessment of whole-body internal tumor burden using segmentation techniques for T2-weighted whole-body MRI sequences has been investigated in several studies [20, 21] . Higher internal tumor burden on T2-weighted imaging has been associated with an increased risk for developing MPNSTs. In a study by Nguyen et al., patients with MPNSTs demonstrated a significantly higher whole-body tumor volume compared to NF1 patients without MPNSTs. However, the non-MPNST group included a significant number of patients without internal tumors which have a substantially lower risk for developing malignancy [21] . In the present study, both WB-MTV and WB-TLG were significantly higher in patients with MPNSTs (p < 0.001). Given the fact that only a small proportion of internal tumors in NF1 are metabolically active and that MPNSTs uniformly demonstrate high F-18-FDG uptake, assessment of WB-MTV may help to more precisely define populations at risk than mere assessment of morphologic tumor burden on T2w. This is supported by the fact that so far, MRIderived volumetric assessment showed no correlation with genetic analyses, e.g. large NF1-deletions, even though constitutional large NF1-deletions are generally associated with more severe clinical manifestations [1] . In addition, known serum markers of Schwann cells like S100β have shown no correlation with MRI tumor burden [22] . Assessment of biologically active tumor burden on PET might provide a more promising parameter for correlation analysis, hypothesizing that serum markers of tumor burden may be mainly originating from active tumors. Further studies comparing T2w-derived whole-body tumor burden, WB-MTV and WB-TLG will shed light on the usefulness of these techniques for providing an imaging biomarker correlating with known circulating biomarkers such as adrenomedullin, MIA or SOX9 [34] [35] [36] .
Some limitations of the present study should be mentioned. First, given the retrospective nature of this study, a selection bias cannot be ruled out. Second, the number of included patients is relatively small. However, the number of included MPNSTs (n = 19) is comparable to or higher than in other studies [7, 26, 27] . A particular strength of this study is that the study population is matched for both age and gender which has not been done in most other studies comparing malignant and benign PNSTs. Third, histopathologic evaluation could not be performed in all PNSTs for both practical and ethical reasons. However, regarding the follow-up of 54 ± 23 months, it is highly unlikely that tumors might have been misclassified. Finally, we did not assess the prognostic significance of MTV and TLG. Although it is tempting to assume that large tumors may carry a worse prognosis, we consider the most important value of PET MTV and TLG in NF1 patients to comprehensively characterize the clinical phenotype and to provide a basis for evaluation of genotype-phenotype relations and biochemical markers.
Conclusion
WB-MTV and WB-TLG identify a distinct phenotype of neurofibromatosis patients, characterize biologic subpopulations, and may discriminate between malignant and benign PNSTs. Therefore, one might assume that MTV and TLG provide the basis for investigating molecular biomarkers that correlate with metabolically active disease manifestations. Further evaluation will determine the potential clinical impact and prognostic significance of these PET-based parameters in NF1.
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